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DESCRIPTION 

NONLINEAR RESISTOR CIRCUIT USING FLOATING GATE MOSFETS 

Technical Field 

The present invention relates to a nonlinear resistor 
circuit using floating gate MOSFETs, and more particularly, 
to a circuit which realizes various N-shaped volt age -current 
characteristics . 

Background Art 

Conventionally, reference documents on the above- 
mentioned field include the following disclosures. 

Reference document (1): Japanese Patent no. 3,007,327: 
Y. Horio, K. Watarai, and K. Aihara, "Nonlinear resistor 
circuits using capacitively coupled multi-input MOSFETs, " 
lEICE Trans- Fundamentals, vol. E82-A, no. 9, pp. 1926-1936, 
1999. 

Reference Document (2) : K. Matsuda, Y. Horio, and K. 
Aihara, "A simulated LC oscillator using multi- input 
floating-gate MOSFETs," in Proc. IEEE Int. Symp. on Circuits 
and Syst, . vol. Ill, pp. 763-766, 2001. 

Reference document (3) : Kinya Matsuda, Tomonori Amano, 
Yoshihiko Horio, and Kazuyuki Aihara, "LC oscillator using 
capacitively coupled multi-input MOSFETs," Proceedings of 
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13th Karuizawa workshop on circuits and systems, the 
Institute of Electronics, Information and Communication 
Engineers (lEICE) , pp. 35-40, 2000. 

Reference Document (4) : Kinya Matsuda, Yoshihiko Horio, 
and Kazuyuki Aihara, "Method for high-Q active inductor 
circuit," Technical Report of lEICE, vol. NLP 2001-39, pp. 
37-41, 2001. 

Reference document (5) : T. Matsumoto, L. O. Chua, and M. 
Komuro, "The double scroll," IEEE Trans, on Circuits and 
Syst., vol. CAS-32, no. 8, pp. 798-817, 1985. 

Reference document (6) : J. M. Cruz and L. O. Chua, "A 
CMOS IC nonlinear resistor for Chua*s circuit," IEEE Trans, 
on Circuit and Syst., 1, vol. 39, no. 12, pp. 985-995, 1992. 

The inventor of the present invention suggests a 
conventional nonlinear resistor circuit using the multi- 
input floating gate MOSFET as one of circuits having a 
negative voltage -current (V-I) characteristic area (in 
reference document (1)), and it is applied to an inductor 
simulation or a sine wave oscillator circuit (in reference 
documents (2) to (4)). In the circuits, A-shaped and V- 
shaped nonlinear resistor characteristics are realized and 
further the characteristics are changed by external voltages. 

In addition, an N-shaped nonlinear resistor 
characteristic has the negative resistor area in the center 
and therefore is widely used for an oscillating circuit or 
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neuron device. In particular, the N- shaped nonlinear 
resistor characteristic approximates to the piecewise linear 
characteristics of third to fifth orders can form a sine 
wave oscillator or a chaos generating circuit by combining L 
and C (in reference documents (5) and (6) ) . 

Disclosure of Invention 

In consideration of the above-mentioned problems, it is 
one object of the present invention to provide a nonlinear 
resistor circuit using floating gate MOSFETs for realizing 
N- shaped V-I characteristics, which enables various N-shaped 
characteristics approximate to piecewise linear functions of 
third to seventh orders by applying the nonlinear resistor 
circuit using the multi- input floating gate MOSFETs and 
which variously changes the characteristics by the external 
voltages . 

In order to accomplish the above-mentioned object, 
(1) there is provided a nonlinear resistor circuit 
using floating gate MOSFETs, wherein a A-shaped nonlinear 
resistor circuit using a multi -input floating gate MOSFET 
and a V-shaped nonlinear resistor circuit using a multi- 
input floating gate MOSFET are connected in parallel 
therewith and current of the A-shaped nonlinear resistor 
circuit and current of the V-shaped nonlinear resistor 
circuit are added, thus to combine various N^shaped voltage- 
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current characteristics, the N-shaped voltage-current 
characteristic is continuously changed, and the voltage- 
current characteristics approximate to the piecewise linear 
characteristics of third to seventh orders are realized. 

(2) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , 
negative resistor portions in the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit 
and in the voltage-current characteristic of the V-shaped 
nonlinear resistor circuit are linear as much as possible, 
and both the voltage-current characteristic of the A-shaped 
nonlinear resistor circuit and the voltage-current 
characteristic of the V-shaped nonlinear resistor circuit 
are moved in parallel in the left and right directions by a 
voltage between an input terminal of the A-shaped nonlinear 
resistor circuit and a drain terminal of an N-channel MOSFET 
and a voltage between an input terminal of the V-shaped 
nonlinear resistor circuit and a drain terminal of a P- 
channel MOSFET, thus to combine the characteristic of the 
third order. 

(3) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , 
negative resistor portions in the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit 
and in the voltage-current characteristic of the V-shaped 
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nonlinear resistor circuit are linear as much as possible, 
and both the voltage-current characteristic of the A-shaped 
nonlinear resistor circuit and the voltage-current 
characteristic of the V-shaped nonlinear resistor circuit 
are moved in parallel in the left and right directions by a 
voltage between the ground and a drain terminal of a 
floating gate P-channel MOSFET of the A-shaped nonlinear 
resistor circuit and a voltage between the ground and a 
drain terminal of a floating gate N-channel MOSFET of the V- 
shaped nonlinear resistor circuit, thus to combine the 
characteristic of the third order. 

(4) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , an 
inclination of a negative portion of the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit or 
the voltage-current characteristic of the V-shaped nonlinear 
resistor circuit is adjusted to change the inclination of 
the characteristic, and the voltage-current characteristic 
of the A-shaped nonlinear resistor circuit or the voltage- 
current characteristic of the V-shaped nonlinear resistor 
circuit is moved in parallel in the left and right 
directions by a voltage between an input terminal of the A- 
shaped nonlinear resistor circuit and a drain terminal of an 
N-channel MOSFET and a voltage between an input terminal of 
the V-shaped nonlinear resistor circuit and a drain terminal 
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of a P-channel MOSFET, thus to combine the fourth order 
characteristic . 

(5) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , an 
inclination of a negative portion of the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit or 
the voltage-current characteristic of the V-shaped nonlinear 
resistor circuit is adjusted to change the inclination of 
the characteristic, and the voltage-current characteristic 
of the A-shaped nonlinear resistor circuit or the voltage- 
current characteristic of the V-shaped nonlinear resistor 
circuit is moved in parallel in the left and right 
directions by a voltage between the ground and a drain 
terminal of a floating gate P-channel MOSFET of the A-shaped 
nonlinear resistor circuit and a voltage between the ground 
and a drain terminal of a floating gate N-channel MOSFET of 
the V-shaped nonlinear resistor circuit, thus to combine the 
fourth order characteristic. 

(6) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , 
inclinations of negative portions of both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are adjusted to change the 
inclinations of the characteristics, and both the voltage 
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current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are moved in parallel in 
the left and right directions by a voltage between an input 
terminal of the A-shaped nonlinear resistor circuit and a 
drain terminal of an N-channel MOSFET and a voltage between 
an input terminal of the V-shaped nonlinear resistor circuit 
and a drain terminal of a P-channel MOSFET, thus to combine 
the fifth order characteristic. 

(7) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , 
inclinations of negative portions of both the voltage- 
current characteristic of the A-shaped nonlinear resistor . 
circuit and the voltage-current characteristic of the V-- 
shaped nonlinear resistor circuit are adjusted to change the 
inclinations of the characteristics, and both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are moved in parallel in 
the left and right directions by a voltage between the 
ground and a drain terminal of a floating gate P-channel 
MOSFET of the A-shaped nonlinear resistor circuit and a 
voltage between the ground and a drain terminal of a 
floating gate N-channel MOSFET of the V-shaped nonlinear 
resistor circuit, thus to combine the fifth order 
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characteristic • 

(8) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , an 
inclination of a negative portion of the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit or 
the voltage-current characteristic of the V-shaped nonlinear 
resistor circuit is adjusted to change the inclination of 
the characteristic, and both the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit 
and the voltage-current characteristic of the V-shaped 
nonlinear resistor circuit are moved in parallel in the 
lateral axis direction by a voltage between an input 
terminal of the A-shaped nonlinear resistor circuit and a 
drain terminal of an N-channel MOSFET and a voltage between 
an input terminal of the V-shaped nonlinear resistor circuit 
and a drain terminal of a P-channel MOSFET, thus to combine 
the sixth order characteristic. 

(9) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , an 
inclination of a negative portion of the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit or 
the voltage-current characteristic of the V-shaped nonlinear 
resistor circuit is adjusted to change the inclination of 
the characteristic, and both the voltage-current 
characteristic of the A-shaped nonlinear resistor circuit 
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and the voltage-current characteristic of the V-shaped 
nonlinear resistor circuit are moved in parallel in the 
lateral axis direction by a voltage between the ground and a 
drain terminal of a floating gate P-channel MOSFET of the A- 
shaped nonlinear resistor circuit and a voltage between the 
ground and a drain terminal of a floating gate N-channel 
MOSFET of the V-shaped nonlinear resistor circuit, thus to 
combine the sixth order characteristic. 

(10) In the nonlinear resistor circuit using the 
floating gate MOSFETs according to the description (1) , 
inclinations of negative portions of both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are adjusted to change the 
inclinations of the characteristics, and both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are moved in parallel in 
the lateral axis direction by a voltage between an input 
terminal of the A-shaped nonlinear resistor circuit and a 
drain terminal of an N-channel MOSFET and a voltage between 
an input terminal of the V-shaped nonlinear resistor circuit 
and a drain terminal of a P-channel MOSFET, thus to combine 
the seventh order characteristic. 

(11) In the nonlinear resistor circuit using the 
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floating gate MOSFETs according to the description (1) , 
inclinations of negative portions of both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are adjusted to change the 
inclinations of the characteristics, and both the voltage- 
current characteristic of the A-shaped nonlinear resistor 
circuit and the voltage-current characteristic of the V- 
shaped nonlinear resistor circuit are moved in parallel in 
the lateral axis direction by a voltage between the ground 
and a drain terminal of a floating gate P-channel MOSFET of 
the A-shaped nonlinear resistor circuit and a voltage 
between the ground and a drain terminal of a floating gate 
N-channel MOSFET of the V-shaped nonlinear resistor circuit, 
thus to combine the seventh order characteristic . 

Brief Description of the Drawings 

Fig. 1 is a diagram showing an N-shaped nonlinear 
resistor circuit using floating gate MOSFETs according to 
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the present invention; 

Fig. 2 are diagrams showing various Vxy-lA 

characteristics (value simulations) in Fig, 1; 
Fig. 3 are diagrams showing various Vxy-Iv 

characteristics (value simulations) in Fig. 1; 

Fig. 4 are diagrams showing V-I characteristics 

approximate to a piecewise linearity according to the 

present inventions- 
Fig. 5 is a principle diagram of the combination of the 

N- shaped V-I characteristics of the third order according to 

the present inventions- 
Fig. 6 is a diagram showing examples (numerical 

simulations) of nonlinear resistor characteristics which are 

approximate to the piecewise linearity of the third order 

according to the present inventions- 
Fig. 7 is a diagram showing an example of the fifth 

order nonlinear resistor characteristic (in which the 

voltage coordinate of a break point is fixed and 

inclinations mo and mi are changed) according to the present 

inventions- 
Fig. 8 is a diagram showing an example of the fifth 

order nonlinear resistor characteristic (in which the 

inclinations mo and mi are fixed, break points Bp2- and Bp2+ 

are fixed, and break points Bpi- and Bpn. are changed) 

according to the present invention; 
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Fig. 9 is a diagram showing an example of the fifth 

order nonlinear resistor characteristic (in which the 

inclinations mo and rai are fixed, the break points Bpi- and 

Bpi+ are fixed, and the break points Bp2- and Bp2+ are changed) 

according to the present inventions- 
Fig. 10 is a diagram showing an example of the fourth 

order nonlinear resistor characteristic according to the 

present inventions- 
Fig. 11 is a diagram showing an example of the sixth 

order nonlinear resistor characteristic according to the 

present inventions- 
Fig. 12 is a diagram showing an example of the seventh 

order nonlinear resistor characteristic according to the 

present inventions- 
Fig. 13 are diagrams (No. 1) showing circuit simulation 

results using HSPICE; 

Fig. 14 are diagrams (No. 2) showing the circuit 

simulation results using HSPICE; 

Fig. 15 is a diagram showing an experimental circuit 

using discrete parts; 

Fig. 16 is a diagram showing the third order Vxy-lN 

characteristic obtained by the experiment using the discrete 

parts ; 

Fig. 17 is a diagram showing the fourth order V^y-lN 
characteristic obtained by the experiment using the discrete 



- 13 - 



parts ; 

Fig. 18 is a diagram showing the fifth order Vxy-Iw 
characteristic obtained by the experiment using the discrete 
parts ; 

Fig. 19 is a diagram showing the sixth order Vxy-lN 
characteristic obtained by the experiment using the discrete 
parts; 

Fig. 2 0 is a diagram showing the seventh order Vxy-lN 
characteristic obtained by the experiment using the discrete 
parts ; 

Fig. 21 is a micro-photograph as a substitute drawing 
showing an IC chip including the circuit shown in Fig. 15; 

Fig. 22 is a diagram (No. 1) showing a Vxy-Iw 
characteristic measured from a chip; 

Fig. 2 3 is a diagram (No. 2) showing the Vxy-lN 
characteristic measured from the chip; 

Fig. 24 is a diagram (No. 3) showing the Vxy-lN 
characteristic measured from the chip; 

Fig. 2 5 is a diagram (No. 4) showing the Vxy-lN 
characteristic measured from the chip; 

Fig. 2 6 is a diagram (No. 5) showing the Vxy-Iw 
characteristic measured from the chip; 

Fig. 2 7 is a diagram (No. 6) showing the Vxy-lN 
characteristic measured from the chip; and 

Fig. 28 is a diagram (No. 7) showing the Vxy-lN 
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characteristic measured from the chip. 

Best Mode for Carrying Out the Invention 

Hereinbelow, an embodiment of the present invention 
will be described with reference to the drawings. 

First, an N-shaped nonlinear resistor circuit will be 
described. Here, a suffix A is indicated as reference 
symbol a the convenience of indication. 

Fig. 1 is a diagram showing an N-shaped nonlinear 
resistor circuit using floating gate MOSFETs according to 
the present invention. Fig. 2 are diagrams (numerical 
simulations) showing various Vxy-lA characteristics in Fig. 
Fig. 2(a) is a diagram showing the characteristic with a 
voltage V^a as a parameter. Fig. 2(b) is a diagram showing 
the characteristic with a voltage as a parameter. Fig. 

2 (c) is a diagram showing the characteristic with a voltage 

as a parameter, and Fig. 2(d) is a diagram showing the 
characteristic with a voltage V^, as a parameter. Fig. 3 
are diagrams (numerical simulations) showing various V^y-Iv 
characteristics in Fig. 1, Fig. 3(a) is a diagram showing 
the characteristic with a voltage Vxv as a parameter, Fig. 

3 (b) is a diagram showing the characteristic with a voltage 
Vyv as a parameter. Fig. 3(c) is a diagram showing the 
characteristic with a voltage Vnv as a parameter, and Fig. 

3 (d) is a diagram showing the characteristic with a voltage 
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Vpv as a parameter. 

Referring to Fig. 1, the circuit is formed by 
connecting in parallel a A- shaped nonlinear resistor circuit 
1 and a V-shaped nonlinear resistor circuit 2 using multi- 
input floating gate MOSFETs (refer to reference document 
(1)). Figs, 2 and 3 show the nonlinear resistor 
characteristics of the currents Ia and Iv, respectively, in 
Fig. 1 for the voltage Vxy. 

First, the A- shaped nonlinear resistor circuit 1 will 
be described. 

Referring to Fig. 1, at a multi-input floating gate P- 
channel MOSFET M^, capacitors and are connected to a 

gate terminal of a normal P- channel MOSFET and they are set 
as input terminals. Inputs are applied via the capacitors 
C p2A and CpiA, thereby equivalently setting the gate terminal 
of the P-channel MOSFET M^a floating. An N-channel MOSFET 
MnA is serially connected to the P-channel MOSFET M^a- 

Next, the V-shaped nonlinear resistor circuit 2 will be 
described. 

Referring to Fig. 1, at the multi- input floating gate 
N-channel MOSFET Mnv/ capacitors Cniv and Cn2v are connected to 
a gate terminal of a normal N-channel MOSFET and they are 
set as input terminals. Inputs are applied via the 
capacitors Cniv and Cn2v/ thereby equivalently setting the 
gate terminal of the N-channel MOSFET Mnv floating. A P- 
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channel MOSFET Mpv is serially connected to the N-channel 
MOSFET Mnv. 

Referring to Figs, 1 and 2, it is understood that 
various Vxy-lA and Vxy-Iv characteristics are obtained 
depending on the voltages shown in Fig. 1 (refer to the 
reference document (1)) . In the circuit shown in Fig. 1, 
currents Ia and Iv are added, thereby cotnbining various N- 
shaped Vxy-Iw characteristics. 

A theoretical formula for describing the 
characteristics for control voltages of Ia and Iv is shown in 
the reference document (1) . Here, the characteristics are 
simply expressed as follows. 

Ia = fA(Vxy, VxA, V^, VnA/ V^a) , (D 

Iv = fv(Vxy, Vxv, VyV/ V„v, Vpv) , (2) 
Then, referring to Fig. 1, 
In = Ia + Iv 

= fA(Vxy, VxA, V^, V^A, VgA) + fv(Vxy, V^V. VyV/ VnV, Vpv) 

(3) 

Fig. 4 are diagrams showing V-I characteristics 
approximate to a piecewise linearity according to the 
present invention. Fig. 4(a) shows the characteristic of 
the third order. Fig. 4(b) shows the characteristic of the 
fourth order. Fig. 4(c) shows the characteristic of the 
fifth order. Fig. 4(d) shows the characteristic of the sixth 
order, and Fig. 4(e) shows the characteristic of the seventh 
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order. 

The Vxy-lN characteristics obtained in Fig. 1 
continuously change. In the following, these 
characteristics are approximate to the characteristics of 
the piecewise linear functions of the third to seventh 
orders as shown in Fig. 4 and they are described. Here, the 
number of piecewise linear sections is called an order. 
Further, the end point in the piecewise linear section is 
called a break point. 

A simple and qualitative description is given of a 
method for realizing each characteristic shown in Fig. 4. 

First, the characteristic of the third order shown in 
Fig. 4(a) is obtained by moving in parallel in the left and 
right directions the Vxy-lA and Vxy-Iv characteristics shown 
in Figs. 2 and 3 by the voltage Vxa or and the voltage Vxv 
or Vyv shown in Fig. 1, In this case, the center portion of 
the Vxy-lN characteristic may entirely be one linear 
piecewise. In order to realize this, preferably, the 
negative portions of the A- shaped and V-shaped 
characteristics may be linear as much as possible. That is, 
the setting of V^, V^, Vnv/ and Vpv is important. This state 
is shown in Fig. 5. 

Similarly to the above description, the fourth to 
seventh characteristics are realized. These characteristics 
are different from the characteristics of the third order 
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and the break point is necessary for the center portion of 
the characteristics. This is realized by adjusting the 
voltage V^a and Vnv in Fig. 1. The fourth order 
characteristic is realized by adjusting the inclination of 
the negative portion of the Vxy-lA or Vxy-Iv characteristic. 
The fifth order characteristic is realized by simultaneously 
adjusting both the A-shaped and V-shaped characteristics. 
The sixth order characteristic is realized by moving in 
parallel in the lateral axis direction the A-shaped and V- 
shaped characteristics used for the fourth order 
characteristic by the voltage V^a or and the voltage V^v 
or Vyv in Fig. 1. The seventh order characteristic is 
obtained by the same method based on the fifth order 
characteristic . 

In the characteristics of the third to seventh orders, 
the inclination of the piecewise linear function and the 
break points may be changed- This will be described in 
detail with the characteristics of the third and fifth 
orders that are usually used. 

(1) Characteristic of the third order 

By the following method, current -axis coordinates Ibp- 
and Ibp-h of the break points in Fig. 4(a) are fixed and 
voltage-axis coordinates Vbp- and Vbp+ are changed. Thus, 
only an inclination mo is changed. First, the voltages Vbp- 
and Vbp+ are determined by the voltage V^a or and the 



voltage Vxv or Vyv. Next, the currents Ibp- and Ibp+ are 
adjusted by the voltages V^, V^, Vnv, and Vpv without 
changing the voltages Vbp- and Vbp+/ and the inclination mo i 
determined. In this case, since the currents Ibp- and Ibp+ 
need to be fixed, particularly, the voltages V^a and Vnv are 
important parameters . 

Next, a method for adjusting break points Bp. and Bp+ 
while fixing the inclination mo is shown. First, the 
voltages Vbp- and Vbp+ are determined by the voltages V^a or 

and the voltage Vxv or Vyv. Next, the break points Bp- ai 
Bp+ are enlarged or reduced in the voltage axis direction 
mainly by the voltages VnA and Vpv, thus to shift the break 
points . 

(2) Fifth order characteristic 

For the fifth order characteristic, four break points 
Bpi-, Bpi+, Bp2-, and Bp2+ are fixed in Fig. 4(c), and the 
inclinations mo and mi can be adjusted. In the change of 
only the inclination mo, the change of inclination of the 
negative resistor portions of the A-shaped and V-shaped 
characteristics are used. Therefore, the voltages V^a and 
Vnv are important parameters. The inclination mi can be 
adjusted by the voltages V^ and Vyv. After that, other 
voltages adjust the break points. 

The break points are changed while fixing the 
inclinations mo and mi as follows. The break point Bpi- or 
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Bpi+ is changed by enlarging the characteristics of the 
voltages VnA and Vpv in the longitudinal axis direction and 
changing the length of the piecewise linear portion of the 
inclination nii. Similarly to the change of the break points 
of the characteristic of the third order, the break point 
Bp2- or Bp2+ is adjusted by enlarging or reducing the break 
point Bp2- or Bp2+ in the voltage-axis direction and in the 
current -axis direction by the voltage V^, V^, or and 
the voltage Vnv/ Vxv/ or Vyv. In this case, the fine 
adjustment with other control voltages is necessary. 
[Neumerical simulations] 

Hereinbelow, the N- shaped nonlinear resistor 
characteristics of the third to seventh orders are 
confirmed by computer simulations using the V-I 
characteristic formula using the simple MOSFET-model 
derived from reference document (1) - Particularly, with 
the characteristics of the third to fifth orders, the 
adjusting states of the break points and inclinations are 
indicated in detail. In the simulation experiments, trans- 
conductance parameters of the N- channel MOSFET and P- 
channel MOSFET in Fig. 1 are Kn = Kp = 300 pA/V^, a 
threshold voltage of the N-channel MOSFET is Vtn = 0.55 V, 
and a threshold voltage of the P-channel MOSFET is Vtp = - 
0.8 V. Further, referring to Fig. 1, C pi^ = C ^2a = Cniv = Cn2v 
= 0.1 pF. 



(1) Nonlinear resistor characteristic of the third 

order 

Referring to Fig. 6, the characteristic approximates to 
the third order piecewise linearity is shown in the case of 
using the voltage values in Table 1. A characteristic A has 
the same inclination mo with a characteristic C in Fig. 6 
and the break point of the characteristic A is different 
from the characteristic C. On the contrary, a 
characteristic B has the same currents Ipi- and Ipi+ as those 
of the characteristic C and the inclination mo of the 
characteristic B is different from that of the 
characteristic C. As a result, the break points Bp. and Bp+ 
and the inclination mo shown in Fig. 4 are changed. 
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Table 1 





Characteristics in Fig. 6 


Voltages in Fig. 1 


A 


B 


C 


VxA [V] 


- 5 . y 


- D . y 


A A 


V yA L V J 


0 


0 


0 


VnA [V] 


3.7 


2.5 


2 . 95 


Vea [V] 


-4 . 1 


-5.3 


-4 . 1 


Vxv [V] 


5 . 9 


5.9 


4.4 


VyV [V] 


0 


0 


0 


V„v [V] 


3.7 


5.9 


3.7 


Vpv [V] 


-3 . 9 


-2.7 


-3 . 15 



See Table 1 and Fig. 6, the break points are determined 
depending on the voltages V^a and Vpv, and the inclination mo 
is greatly changed by the voltages and Vnv 

(2) Fifth order nonlinear resistor characteristic 
Examples of the Vxy-lN characteristic approximates to 
the fifth order piecewise linear characteristic obtained by 
the simulation are shown in Figs. 7, B, and 9. Further, 
values of control voltages for the characteristics in Figs . 
7 , 8 , and 9 are shown in Tables 2 to 4 . 
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Table 2 





Characteristics in Fig. 7 


Voltages m Fig. l 


A 


B 


C 


VxA IVJ 




- J . y o 




VyA L V J 


0 


0.1 


0.38 


VnA [V] 


1 . 55 


1 . 55 


1.65 


VgA [V] 


-5.15 


-5.4 


-4.2 


Vxv [V] 


3 . 95 


3 . 95 


4 . 05 


VyV [V] 


0 


-0.1 


-0.38 


Vnv [V] 


4.65 


4 . 9 


3.7 


Vpv [V] 


-1.8 


-1.8 


-1 . 9 



Table 3 





Characteristics in Fig. 8 


Voltages in Fig. 1 


A 


B 


C 


VxA [V] 


-3 . 7 


-3.9 


-4 . 1 


VyA [V] 


0 


0.1 


0 . 13 


V5A [V] 


1 .35 


1.525 


1 . 7 


VgA [V] 


-5 


-5.7 


-6.1 


Vxv [V] 


3.7 


3.9 


4 . 1 


VyV [V] 


0 


-0 . 1 


-0.13 


Vnv [V] 


4.7 


5.2 


5.6 


Vpv [V] 


-1.6 


-1 . 775 


-1 . 95 
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Table 4 





Characteristics in Fig. 9 


Voltages in Fig. 1 


A 


B 




VxA LVJ 








VyA LVJ 


0.135 


0.1 


0 . 1 


VgA [V] 


1.535 


1.55 


1.55 


VgA [V] 


-4.93 


-5 


-6.1 


Vxv [V] 


3.4 


3 . 95 


5 


VyV [V] 


-0.135 


-0 . 1 


-0-1 


Vnv [V] 


4 .43 


4.5 


5.5 


Vpv [V] 


-1 . 765 


-1.8 


-1 . 8 



Curves B and C in Fig. 7 are shown as examples by 
changing the inclination mo with the fixing of the voltage 
coordinates of the four break points in Fig. 4(c). 
Similarly, curves A and B are shown by changing the 
inclination mi as examples. Based on the examples and Table 
2, the voltages VgA and Vnv may be changed while keeping the 
voltages VnA and Vpv constant in the case of adjusting the 
inclination mo. Further, the inclination mi may be adjusted 
by coarsely determining the characteristic with the voltages 
V^ and VyV, and by using the voltages V^a and Vnv for fine 
tuning . 

Fig. 8 and Table 3 show an example of adjusting the 



break points Bpi- and Bpi+ while fixing the inclinations mo 
and nil in Fig. 4(c) . Fig. 9 and Table 4 show an example of 
adjusting the break points Bp2- and Bp2+. Based on the 
simulation experiments, the break points Bpi+ and Bpi- are 
determined depending on the voltages Vpv and V^, 
respectively. Further, the break points Bp2+ and Bp2- are 
determined depending on the voltages Vxv and Vnv and the 
voltages V^a and V^a/ respectively. 

(3) Fourth, sixth, and seventh order nonlinear resistor 
characteristics 

Fig. 10 shows the fourth order nonlinear resistor 
characteristic, Fig. 11 shows the sixth order nonlinear 
resistor characteristic, and Fig. 12 shows the seventh order 
nonlinear resistor characteristic. The voltages in Fig. 1 
used for the characteristics are shown in Tables 5 to 7 . 



Table 5 





Characteristics in Fig. 10 


Voltages in Fig. 1 


A 


B 


VxA LVJ 


A A 






0 


0 


VnA [V] 


2.6 


1.55 


Vea [V] 


-4 


-6 


Vxv [V] 


4.4 


4.4 


VyV [V] 


0 


0 


Vnv [V] 


5.5 


3.7 


Vpv [V] 


-1.8 


-2 . 75 



Table 6 





Characteristics in Fig. 11 


Voltages in Fig. 1 


A 


B 


VxA [V] 


-6 


-6 


VyA [V] 


0 


0 


VgA [V] 


2.6 


1.55 


Vea [V] 


-4 


-6 


Vxv [V] 


6 


6 


VyV [V] 


0 


0 


Vnv [V] 


5.5 


3.7 


Vpv (V] 


-1.8 


-2 . 75 



Table 7 



Voltages in Fig. 1 


VxA LVJ 


-5.5 


[V] 


0 . 1 


VnA [V] 


1.55 


VgA [V] 


-5.4 


Vxv [V] 


5 . 5 


Vyv [V] 


-0.1 


V„v [V] 


4.9 


Vpv [V] 


-1.8 



With Table 5 and C in Table 1, the fourth order 
characteristic is obtained by changing the voltages VnA, V^a/ 
Vnv/ and Vpv based on the characteristic of the third order. 
Further, with Tables 5 and 6, Table 7, and B in Table 2, the 
sixth and seventh order characteristics are obtained by- 
changing the voltages V^a and Vxv based on the fourth and 
fifth order characteristics, respectively. 

[HSPICE simulations] 

Semiconductor process parameters of MOSIS TSMC 0.35 \xm 
CMOS process is used, and the sizes of MnA and Mnv in Fig. 1 
have W of 20 |im and L of 0.4 |im. Further, the sizes of M^a 
and Mpv in Fig. 1 have W of 60 ^im and L of 0.4 |xm. Figs. 13 
and 14 show results of circuit simulations using HSPICE in 
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the case of capacitances C pi^ = Cp2A = Cniv = Cn2v = 0.1 pF. 
The characteristics correspond to the simulation 
characteristics of the third to seventh orders, respectively. 

As mentioned above, the N-shaped nonlinear resistor 
circuit is provided with the multi- input floating gate 
MOSFETs. Further., the numeral calculations and the HSPICE 
simulations are used to show examples of the V-I 
characteristics. Further, a method for realizing the 
characteristics is qualitatively described. 

[Experiments using discrete parts] 

According to the embodiment, the circuit in Fig. 15 
comprises discrete parts, and the Vxy-Iw characteristic is 
measured. The circuit is shown in Fig. 15. MhaH and Mnvl2 
use 2SK612 and M^13 and Mpvl4 use 2SJ133. Further, 
experimental results are shown in Figs. 16 to 2 0 when 
capacitances Cpia15, C^IS , Cnivl7, and Cn2vl8 are 0.1 |aF. The 
voltage values in Fig. 15 for realizing the characteristics 
are shown in Tables 8 to 12 . 

Fig. 16 shows the experimental results using the 
discrete parts of the Vxy-lN characteristic of the third 
order, and voltage values in Fig. 15 are of -0.7V, of 
1.55V, VgA of -4.69V, Vv of 0.7V, Vnv of 3.23V, and Vpv of - 
2.32V as , shown in Table 8. 



Table 8 



Voltages in Fig. 15 


Va [V] 


-0.7 


VrjA [V] 


1 . 55 


VgA [V] 


-4 .69 


Vv [V] 


0.7 


V„v [V] 


3 .23 


Vpv [V] 


-2 .32 



Fig. 17 shows the experimental results using the 
discrete parts of the fourth order Vxy-lN characteristic, and 
voltage values in Fig. 15 are of -1.6V, V^a of 1.46V, V^^ 
of -5.65V, Vv of IV, Vnv of 3.43V, and Vpv of -2.28V as shown 
in Table 9 . 

Table 9 



Voltages in Fig. 15 


Va [V] 


-1.6 


VrA [V] 


1.46 


VgA [V] 


-5.65 


Vv [V] 


1 


Vnv [V] 


3 .43 


Vpv [V] 


-2.28 
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Fig. 18 shows the experimental results using the 
discrete parts of the fifth order Vxy-lN characteristic, and 
voltage values in Fig, 15 are Va of -1.5V, V^ of 1.46V, V^a 
of -5.65V, Vv of 1.5V, Vnv of 4.23V, and Vpv of -2.18V as 
shown in Table 10. 

Table 10 



Voltages in Fig. 15 


Va [V] 


-1.5 


VrjA [V] 


1.46 


Vea [V] 


-5.65 


Vv [V] 


1.5 


Vnv [V] 


4 .23 


Vpv [V] 


-2 . 18 



Fig. 19 shows the experimental results using the 
discrete parts of the sixth order Vxy-lu characteristic, and 
voltage values in Fig. 15 are Va of -2.1V, VnA of 1.46V, VgA 
of -5.65V, Vv of 1.6V, Vnv of 3.43V, and Vpv of -2.28V as 
shown in Table 11. 
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Table 11 



Voltages in Fig. 15 


Va [V] 


-2 . 1 


VnA [V] 


1.46 


Vea [V] • 


-5.65 


Vv [V] 


1.6 


V„v [V] 


3 .43 


Vpv [V] 


-2.28 



Fig. 2 0 shows the experimental results using the 
discrete parts of the seventh order Vxy-lN characteristic, 
and voltage values in Fig. 15 are Va of -2.1V, V^a of 1.46V, 
VgA of -5.65V, Vv of 2,1V, Vnv of 4.23V, and Vpv of -2.18V as 
shown in Table 12 . 

Table 12 



Voltages in Fig. 15 


Va [V] 


-2 . 1 


VnA [V] 


1.46 


Vea [V] 


-5.65 


Vv [V] 


2 . 1 


Vnv [V] 


4 .23 


Vpv [V] 


-2 . 18 
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A resistor R(19) is inserted between nodes A and B (on 
the power supply side of the above-mentioned nonlinear 
resistor circuit) in Fig. 15, the voltage drop is amplified 
by an instrumentation amplifier (INA114) 20, and the current 
In is obtained based on the amplified output voltages by the 
following formulae (4) to (6) . Here, reference symbol Rg 
denotes resistance for determining gain G of the 
instrumentation amplifier 20, and Rq is 10 kQ. Further, the 
resistance R is 33 Q and output resistance Ro is 10 kQ. 

Vo = G- (VxN* - Vin") (4) 

G = I + (50 kQ/Rc) (5) 

In = Vo/G-R (6) 

Next, an example of an integrated circuit will be 
described. 

The circuit shown in Fig. 15 is an integrated circuit 
fabricated through MOSIS TSMC 0.35 fim CMOS semiconductor 
process. The Vxy-lN characteristic measuring circuit 
comprising the resistor 19 and the measuring amplifier shown 
in Fig. 15 is not integrated and is mounted outside of the 
chip by discrete parts. Fig. 21 shows a micro -photograph of 
the IC chip including the circuit shown in Fig. 15. 

The sizes of MnA and Mnv in Fig. 15 have W of 18 |am and L 
of 0.6 |im. Further, the sizes of and Mpv in Fig. 15 have 
W of 54 [im and L of 0 . 6 |im. Furthermore, the capacitances 
are C piA = C p2A = Cniv = Cn2v = 0.3 pF . 



Figs. 22 to 28 show the Vxy-Iw characteristics which are 
measured from the chip. The voltage values in Fig. 15 for 
realizing the characteristics are shown in Tables 13 to 19. 
The characteristics correspond to the simulation 
characteristics of the third to seventh orders and the 
HSPICE simulation characteristics. Here, the current In is 
obtained by the calculating formulae (4) , (5) , and (6) , 
similarly to the experiment using discrete parts. The 
resistances in the calculating formulae (4) , (5) , and (6) 
are Rq of 24 0 kQ, R of 10 Ci, and output resistance Ro of 10 
kQ. 



Table 13 





Characteristics in Fig. 22 


Voltages in Fig. 15 


A 


B 


C 


Va [V] 


-1 . 65 


-1.65 


-1.45 


VnA [V] 


1.18 


1.11 


1.42 


Vea [V] 


-8.75 


-8. 97 


-8.27 


Vv [V] 


1 . 65 


1.65 


1.45 


Vnv [V] 


7 . 76 


7.96 


7.06 


Vpv [V] 


-1.35 


-1.35 


-1.62 
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Table 14 





Characteristics in Fig. 23 


Voltages in Fig. 15 


A 


B 


Va [V] 


-1. 65 


-1.65 


VnA [V] 


0.77 


0 . 64 


VgA [V] 


-8 . 17 


-9.8 


Vv [VJ 


1.65 


1.65 


Vnv [VJ 


8.82 


7.25 


Vpv [V] 


-0.81 


-0.9 


TaJDle 15 






Characteristics in Fig. 24 


voxudytio j-ii 17 xy . xo 


A 


B 


C 


Va [V] 


-1 .59 


-1.65 


-1.65 


VgA [V] 


0.87 


0.86 


0.89 


VgA [V] 


-9.4 


-9.4 


-9 


Vv [V] 


1.59 


1.65 


1.65 


Vnv [V] 


8.26 


8.26 


7 . 86 


Vpv [V] 


-1.02 


-1.02 


-1.06 
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Table 16 





Characteristics in Fig. 25 


Voltages in Fig. 15 


A 


B 


C 


Va [V] 


-1.65 


-1 . 65 


-1 . 65 


VnA [V] 


0.86 


0.92 


0 . 96 


V^A [V] 


-9.4 


-9.4 


-9 


Vv [VJ 


1.65 


1.65 


1 . 65 


Vnv LVJ 


8 .26 


8 .26 


7 . 86 


Vpv LVJ 


-1.02 


-1 . 09 


-1 . 14 


TalDle 1 / 






Characteristics in Fig. 2 6 


Vol "h^^cTisc! "i Ti "Pi cr 1 R 


A 


B 


C 


Va [V] 


-1.45 


-1 . 55 


-1.65 


VnA [V] 


1.12 


0.97 


0.86 


VgA [V] 


-8 . 81 


-9 . 54 


-9.4 


Vv [V] 


1 .45 


1.55 


1 . 65 


V„v [V] 


7.6 


8 .28 


8 .26 


Vpv IV] 


-1.29 


-1.15 


-1.02 



Table 18 





Characteristics in Fig. 27 


Voltages in Fig. 15 


A 


B 


Va [V] 


-1 . 65 


-1.65 


VgA [V] 


0.77 


0.64 


Vea [V] 


-8.17 


-8.86 


Vv [V] 


1 . 65 


1.65 


Vnv [V] 


7.79 


7.25 


Vpv [V] 


-0.81 


-0.9 


Table 19 








Voltages in Fig. 15 




Va [V] 


-1.65 


VnA [V] 


0.65 


Vea [V] 


-8.86 


Vv [V] 


1.65 


Vnv [V] 


7.79 


Vpv [V] 


-0.81 



Another embodiment may be realized by moving in 
parallel the A-shaped and V-shaped characteristics in 
lateral axis direction by the following in Fig. 1. 

(1) V^ and Vyv 

(2) V^ and Vxv 



(3) V^, V^, Vxv/ and Vyv 

According to the present invention, the control 
voltages in the circuit are adjusted, thereby obtaining 
various V-I characteristics that can be approximated to the 
piecewise linear functions of the third to seventh orders. 
Further, the various V-I characteristics are integrated as 
an IC form and are applied to an oscillating circuit and 
chaos generating circuit. 

Specifically, since the N-shaped nonlinear resistor 
characteristic of the N-shaped nonlinear resistor circuit 
according to the present invention has a negative resistance 
area in the center, it is widely applied to the oscillating 
circuit and neuron circuit. In particular, the 
characteristic approximates to the characteristics of the 
third or fifth order can form a sine wave oscillating 
circuit and chaos generating circuit by the combination to L 
or C. 

As mentioned above, the V-I characteristics approximate 
to the piecewise linear characteristics of the third to 
seventh orders are realized. Further, the V-I 
characteristic is easily variously changed by the external 
voltages- Although the fourth or sixth order characteristic 
is not widely used, it can easily be realized and therefore 
the additional application for the oscillating circuit is 
expected. 
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Further, the N- shaped nonlinear resistor circuit using 
the floating gate MOSFETs of the present invention can be 
integrated in the standard CMOS semiconductor process and 
enables the integrated circuit for various applications. 

The circuit having the N- shaped voltage -current 
characteristic can widely be used for the sine wave 
oscillating circuit, double-scroll chaos circuit, and neuron 
circuit. This circuit structure is easily integrated as an 
IC form and therefore can be applied to various integrated 
circuits necessary for sine waves and chaos oscillating 
circuits. Further, the fourth or sixth order nonlinear 
characteristic that is not conventionally used is realized 
and therefore can be applied to another circuit. 

The present invention is not limited to the above 
embodiment, can variously be modified based on the 
essentials of the present invention, and various 
modifications are not excluded from the range of the present 
invention. 

As mentioned above in detail, according to the present 
invention, the following advantages are obtained. 

(1) Since various N- shaped V-I characteristics are 
realized by the characteristics approximate to the piecewise 
linear functions of the third to seventh orders and they can 
variously be changed by the external voltages. 

(2) The integration is realized by the standard CMOS 



semiconductor process and various applying circuits are 
integrated as a circuit. 

Industrial Applicabilities 

A nonlinear resistor circuit using floating gate 
MOSFETs according to the present invention is suitable as a 
device indicating an N-shaped voltage -current characteristic 
that is important as the basic components such as an 
oscillating circuit, chaos generating circuit, or neuron 
circuit, and is expected to be applied to a voltage control 
sine wave oscillating circuit, voltage control chaos 
oscillating circuit, dynamic neuron circuit, and memory 
circuit . 



